Abstract. Crystals of tricalcium silicate having a monoclinic superstructure transformed into a rhombohedral structure when they were heated at 1200°C with gas flame: a=7.135(6) A, c=25.586(15) A, space group R3m, and contents of 9 x Ca2,9sSio,9sAlo,o40s. The rhombohedral structure has been determined based on a set of 371 diffraction intensities measured with a single-crystal diffractometer giving a final value of R = 10% for 159 reflections used.
Introduction
Tricalcium silicate is a well known compound exhibiting quite a few polymorphs. There are three triclinic phases up to 980°C at which temperature this material is inverted to a monoclinic phase M1 (Bigare, Guinier, Mazieres, Regourd, Yannaquis, Eysel, Hahn and Woermann, 1967) . This monoclinic phase is inverted to another monoclinic phase M2 at 990°C and then finally to a rhombohedral phase at 1050DC (Bigare et aI., 1967) . Although the existence of the two monoclinic phases may be recognized by minor differences in powder diffraction patterns, and by a small difference in differential thermal analysis, they are optically indistinguishable (Maki and Chromy, 1978) . According to Maki (1978 Maki ( , 1982 , there is a third monoclinic phase M3 between M2 and the rhombohedral phase. The rhombohedral phase is not quenchable but the monoclinic phase may in general be stabilized to room temperature by doping oxides such as MgO, Alz03 and some others (Bigare et aI., 1967) . Among these polymorphs, the monoclinic phases are characteristic of having complicated superstructures. The solution of the superstructures is thought to be of particular importance to elucidate the structural mechanism of the stepwise inversion in tricalcium silicate.
Golovastikov, Matveeva and Belov (1975) proposed the structure of the low-temperature triclinic phase, while Jeffery (1952) studied the pseudorhombohedral average structure of the monoclinic phase based on only the reflections of its average structure. Since the knowledge on the basic structure of the rhombohedral phase is of fundamental importance, we have undertaken a study of the structure at high temperatures anticipating that the result would throw light to unlabelling the long standing question on the superstructure of the monoclinic intermediate phases.
Experimental
Crystals of the AlzOrstabilized M1 phase were used for the present study. They are platy with a maximum dimension of around 2 mm. Electron microprobe analyses yielded a chemical composition which may well be expressed by Caz.9sSio.9sAlo.o40s. Precession photographs revealed that they were unexceptionally twinned on the submicroscopic scale. The twinning domains are related to each other by 120°rotations around the pseudo hexagonal c axis which is perpendicular to the plate. Using graphite monochromatized MoKO! radiation (A=0.71069 A), we determined the cell dimensions from the 2 () values of 15 reflections measured with a fourcircle single crystal diffractometer, Syntex P21 ; they are a = 33.083(8)A, b=7.027(2) A, c= 18.499(4) A and j3=94.12(2t. Those of the pseudorhombohedral average structure were then calculated as a=7.027 A, c = 24.93 A.
With the use of a gas-flame heater and its temperature control system developed by Yamanaka, Takeuchi and Sadanaga (1981) , precession photo-. graphs of the monoclinic crystals were taken at temperatures above the reported temperature for the monoclinic to rhombohedral inversion (Bigare et aI., 1967) . In Fig. 1 , a precession photograph showing hOt reflections of the monoclinic phase at room temperature is compared with that at 1200 :t 50°C. In this figure, we observe that the superstructure reflections of the showing hOt reflections at room temperature (top) and at 1200 DC (bottom) (MoKIX) . Some of the superstructure reflections (top) are indicated by arrows. a:' and c:' indicating the reciprocal axes of the monoclinic cell and a: and c: those of the hexagonal cell of the rhombohedral phase. The powder diffraction patterns from zirconia cement are superposed in the photographs former are completely missing in the latter. Taking into account the Laue photograph and the systematic absences of reflections, we confirmed that the high temperature phase was rhombohedral with possible space groups R3m, R3m or R32. For the above high-temperature experiments, crystals were directly put in the gas flame. We then noted that crystals showed a severe sublimation particularly at temperatures above 1300°C.
Making allowance for such an effect of sublimation, we therefore selected a relatively large crystal piece having dimensions of 0.45 x 0.4 x 0.3 mm for intensity study. Using the single-crystal diffractometer and the gas-flame heater mentioned above, MoKIX intensities of reflections were measured at 1200:t 50°C with the w-28 scan technique up to 28 = 60°. The cell dimensions obtained from the single-crystal diffractometry are a =7.135(6) A and c = 25.586(15) A. Of a total of371 measured intensities, a set of 159 reflections were used for structural analysis, those intensities being omitted which were smaller than 30"(1) and obviously affected by scattering from the cement materials used for mounting the crystal. They were corrected for Lorentz and polarization effects and for volume loss due to sublimation. The correction for volume loss was made in terms of the decrease in three standard intensities which were measured every fifty reflections; the final volume of the crystal was found to be 0.70 times initial volume.
Determination of the structure

Preliminary study
The distribution of diffraction intensities is closely similar to that of the reported pseudo-rhombohedral average structure of the monoclinic phase (Jeffery, 1952) , exhibiting strong pseudo-halving of the a axis. This situation and packing considerations limit the locations of nine tetrahedra per cell to the positions on the threefold axes and the space group to either R3m or R3m.
A comparison ofthe triclinic structure (Golovastikov et aI., 1975) and the average structure of the monoclinic phase (Jeffery, 1952) revealed that the location of Si and Ca atoms in both structures are closely similar. The two structures are different primarily in the relative orientation of the silicate tetrahedra; the difference might be caused by the change in coordination polyhedra about Ca due to thermal effects. The problem of determining the rhombohedral structure may then be reduced to the determination of the relative orientations of tetrahedra, the location of Ca and Si being nearly the same as that of the above-mentioned structures.
In the case of the noncentric space group R3m, Jeffery (1952) pointed out that there were eight possible rhombohedral structures in regard to the relative orientation of the silicate tetrahedra. Therefore, structure determination was started by refining the eight models using the least-squares program ORFLS (Busing, Martin and Levy, 1962) . Throughout the present study, we used non-ionized atomic form factors (Vol. III of the International Tables for X-ray Crystallography, 1962) , and applied unit weight for the leastsquares calculations. Refinements of the eight models with anisotropic temperature factors gave values of R ranging from 10.2% to 19.0%. The results revealed that all models gave unusual Si -0 bond lengths such as 14), is split into three maxima as indicated by small dots. In both sections, contours are drawn at an interval 0.5 eA -3 starting from one electron contour (figures have been multiplied by two). Heavy peaks are those of the Ca atoms not locating in the sections, their central contours being omitted structures, which we designated 'Model 3', however, gave a relatively small number of unusual Si -0 bond lengths and small values of Beq compared to other models, the model giving an R = 10.2 %.
In the case of centric space group R3m, we note that there are four possible structure models with regard to the relative orientation of the tetrahedra. In each case, one of the two distinct tetrahedra is located at the centers of symmetry; a split model is necessarily applied to that tetrahedron. Leastsquares refinement of the four structures yielded R-values ranging from 10.4% to 20.0%. Resulting Si-O bond lengths and Beq's were even worse than those of the above noncentric models.
Fourier synthesis
We calculated structure factors using the coordinates of Ca, Si and the free oxygen atoms (the oxygen atoms not associated with Si), which were reported for the pseudorhombohedral average structure of the monoclinic phase (Jeffery, 1952) , those of the oxygen atoms associated with tetrahedra being omitted. Then using the resulting phase angles, we made a Fourier synthesis of the rhombohedral phase. The Fourier map (Fig. 2) showed up the oxygen atoms of the silicate tetrahedra at the locations that support the structure of threefold axes, in particular, are extending as shown in Fig. 2 , suggesting that they are not exactly on the threefold axes but statistically distributed at positions off the threefold axes. The Fourier map further revealed that the Si(2) tetrahedron partly points into the c direction opposite to the one initially assumed. These situations hinder the straightforward refinement of the structure. The major problem is now to estimate the displacements of the apical oxygen atoms from the threefold axes in Model 3, the displacement being denoted 151, <52, <53 and <54 for O(U14), O(U24), O(D21) and O(U34) respectively (Fig. 3) . Note that in that figure each oxygen atom of the silicate tetrahedra is denoted by a set of two figures preceded by U or D. The first figure corresponds to the In order to estimate b's, we first assumed that each tetrahedron has the shape of a regular tetrahedron with a fixed bond length of 1.62 A. Then we refined the structure assuming various sets of fixed values of b' s; the parameters varied in each cycle were positional parameters and Pij's for Ca's, the z parameters and Pu's for Si's the z parameters for free O's, and isotropic temperature factors for all the oxygen atoms. As an initial step, least-squares calculations were made for various fixed values of b1, the remaining b's being kept fixed to 0.4 A; the R-value showed the lowest value of 10.25 % for b1= 0.7 A. Then a procedure similar to the above yielded b2= 0.2 A; in this case b1was fixed to the above value and both b3and b4to 0.4 A. A number of repetition of such a procedure finally gave a set of values, b1= 0.7 A, b2 = 0.2 A, b3 = 0.4 A and b4= 0.4 A, which gave a lowest value of R= 10.08 %.
Finally with those values being fixed, refinements were made for various fixed values of the tetrahedral bond length other than 1.62 A, the result showing that the value 1.62 A was acceptable to a good approximation (Fig. 4) . We observe in Fig. 4 that the difference in R is significant between Model 3 and other models including Jeffery's model for the average structure gfthe monoclinic phase. We may thus decide that Model 3 having the above values of b well represents the rhombohedral structure at 1200°e. The atomic coordinates and thermal parameters are listed in Table 1 . 
Discussion
General features of the structure
The rhombohedral structure of tricalcium silicate thus brought out is illustrated in Fig. 5 . The structure is as a whole similar to the pseudorhombohedral average structure of the monoclinic phase as proposed by Jeffery (1952) ; the three independent silicate tetrahedra are located on the threefold axes in the mirror plane and three independent calcium atoms likewise in the set of mirror planes. There are however two major differences between the two. Firstly, the silicate tetrahedra show an orientational disorder which may well be characterised by tiltings of the tetrahedra with the Si atoms being fixed on the threefold axis. As a resul t, each oxygen atom of the silicate tetrahedra is split into a set of three positions as shown in Fig. 5 . In addition to those tiltings, a specific tetrahedron denoted Si(2) takes another mode of orientational disorder; a fraction in the amount of 70 % of the tetrahedron points down the c axis, the remaining fraction pointing up the c axis.
Secondly, the Si(l) tetrahedron of the high-temperature structure is rotated by 60°, about the threefold axis, relatively to the corresponding tetrahedron of Jeffery's model. Because of such a difference, the sixfold coordination of Ca(3) in Jeffery's model is changed to sevenfold in the hightemperature structure. As a result, Pauling's electrostatic valence rule which is satisfied for Jeffery's model is apparently not exactly obeyed for the hightemperature structure. A trial was then made calculating the valence sum at
Mt'l (i) Fig. 5 . The structure of the rhombohedral phase of tricaIcium silicate at 1200°C, showing the silicate tetrahedra and the polyhedra about the Ca atoms in the mirror plane parallel to (110) and passing through the origin. Because of the statistical orientation of the Si(2) tetrahedron, the structure is illustrated in two separate diagrams: (i) the case in which the Si(2) tetrahedron points down the c axis and (ii) the case in which it points up. They are views down [1101 but rotated by 15°about the c axis. Each triangle indicates a triplet of split oxygen atoms but the atomic labellings of O(U16), O(U26), O(U36) and O(D23) are omitted each oxygen atom following the procedure given by Donnay and Allmann (1970) ; forthis calculation we used the statistical bond lengths as will be defined later. Table 2 gives the result. We observe valence sums in the range from 1.75 to 2.30 v. u. With the tolerance that the silicate groups were approximated as regular tetrahedra and that we used statistical bond lengths, we may decide that the resulting values are acceptable. . 
Characteristics of the coordination polyhedra about Ca
With regard to split oxygen atoms, the Ca -0 distances listed in Table 3 are divided into two categories: (1) Those between Ca and individual split positions, and (2) those between Ca and the positions at which the oxygen atoms would be located if the tiltings of the tetrahedron were disregarded and the Si -0 bond length of 1.62 A kept unchanged. Each oxygen position as defined in (2) may be regarded as an average position of a set of three split oxygen atoms. Thus the bonds in the second category may be called statistical bond lengths. For both cases in which the Si(2) tetrahedron takes the U and D orientation, the polyhedra about Ca are constructed and compared in Fig. 5 . As will be observed in this figure (and Table 3 ), Ca(1) and Ca(2) have sixfold . The latter triclinic structure shows its atomic layer corresponding to the former, a view down [111] . The triclinic cell is indicated, the origin being in the layer of Ca atoms directly below the atomic layer illustrated coordinations, while Ca(3) has a sevenfold coordination. In the case of the polyhedra about Ca(3), however, two of the seven bonds have a fairly longer value of2.96 A (category (2)) compared to others. The coordination ofCa(3) may then be regarded as basically fivefold. This situation is well in accord with the fact that the coordination number of a cation tends to be reduced with increasing temperature to provide more freedom for thermal vibration of the cation. An over-all average of the Ca -0 bond lengths gives a value of 2.51 A which is to be compared with the average value of 2.39 A for the pseudorhombohedral average structure of the monoclinic phase (Jeffery, 1952) ; our value at 1200°C is about 5.0% larger than Jeffery's value at room temperature. Comparison with the triclinic structure
(ii)
In Fig. 6 , we compare the atomic arrangement of the rhombohedral structure with that of the low-temperature triclinic structure (Golovastikov et aI., 1975) . As will be observed in this figure, the major difference between the two is in the relative orientation of silicate tetrahedra, the positions of Ca, Si and free oxygen atoms being closely similar. In the triclinic structure, two of the twenty-nine independent Ca atoms are seven-coordinated with a maximum bond length of 2.704 A and the remaining twenty-seven Ca atoms may be considered to have sixfold coordinations. Each of the five polyhedra about Ca atoms in the structure gives an average Ca -0 bond length which is slightly longer than 2.45 A, while the over-all mean of the Ca -0 bond lengths in the remaining 24 polyhedra is 2.401 A. This situation is to be compared with that of the present structure in which one of the three independent Ca atoms has basically fivefold coordination and the remaining have sixfold coordination. It is then highly conceivable that stepwise decreasings of the number of seven-or six-coordinated Ca atoms (with increasing temperature) would basically characterize the complicated series of the phase transformations in tricalcium silicate. In order to study this problem we have fully determined the superstructure of the M1 phase and the structure of another monoclinic phase. The results will be reported later.
